Scientometrics is the study of quantitative aspects of science, technology, and innovation. This chapter identifies thematic patterns and emerging trends of the published literature in scientometrics using a variety of tools and techniques, including CiteSpace, VOSviewer, and dynamic topic modeling. Using 8098 bibliographic records of published scientometrics research, we explored domain-level citation paths, subject category assignment, keyword co-occurrence, topic models, and document co-citation network to map and characterize the intellectual landscapes of scientometrics. Findings reveal that the domain is multidisciplinary in that a wide range of disciplines contribute to the growth of literature, but only partially interdisciplinary as some works heavily cites from similar domains. Early literature was interested in measuring the impact of a science and evaluating research performance and productivity. Modeling scientometrics laws and indicators is also of greatest interest. Later work explored applications of scientometrics to a variety of domains such as material sciences, medicine, environmental sciences, and social media analytics. Impact measure and science mapping are among the topics receiving consistent attention.
Introduction
Scientometrics is the quantitative study of science. It aims to analyze and evaluate science, technology, and innovation. Major research includes measuring the impact of authors, publications, journals, institutes, and countries as referenced to sets of scientific publications such as articles and patents. It also aims to understand the behavior of scientific citations as a mean of scholarly communication and map intellectual landscapes of a science. Other effort focuses on the production of indicators for use in the evaluation of performance and productivity [1] . In practice, there is a significant overlap between scientometrics and other neighboring domains such as bibliometrics, informetrics, webometrics, and cybermetrics. Bibliometrics, one of the canonical research domains in library and information science, studies quantitative aspects of written publications. Informetrics is the study of quantitative aspects of information [2] , regarded as an umbrella domain overarching the rest of them. Björneborn and Ingwersen [3] describe the relationships between these domains as abstracted in Figure 1 .
Driven by a variety of research communities, the volume of published literature in these domains has exponentially grown. Given the increasing publications and the scientific diversity in disciplines, a systematic investigation of the intellectual structure is in need to identify not only emerging trends and new developments but also historic areas of innovation and current challenges. The motivation of the present chapter lies in our intention to identify the intellectual structure of scientometrics in a systematic manner. Toward that end, we explore epistemological characteristics, thematic patterns, and emerging trends of the field, using scientometrics approaches. In particular, we operationalize scientometrics as encompassing closely related domains such as informetrics, bibliometrics, cybermetrics, and webometrics. In the rest of this manuscript, we use the term "scientometrics" inclusively. The present chapter aims to trace the evolution and applications of scientific knowledge in scientometrics. Thus, we also operationalize emerging trends and recent developments uncovered throughout the present chapter as "emerging technologies" in scientometrics.
The contributions of the present chapter include followings. First, it helps the scientometrics community to be more self-explanatory as it has a detailed publication-based profile. Secondly, researchers in the field can benefit from this systematic domain analysis by Figure 1 . Relationships between metrics sciences re-cited from [3] . Scientometricsidentifying emerging technologies, better positioning their research, and expanding research territories. Finally, it guides those interested in the field to learn about historic footprint and current issues.
The rest of the chapter is organized as follows. We introduce the methodology of the study. Then, the intellectual landscapes of scientometrics is described. We conclude this chapter with discussion into findings, implications, and limitations.
Methodology
This section details our data collection method and analytical approaches. Figure 2 pipelines the research procedure.
Data collection
The present chapter explores the intellectual structure of published literature in scientometrics. Considering the aforementioned operationalization of scientometrics, we conducted a topic search on the web of science (WoS). The search query consisted of seven terms as follows: Bibliometric* OR scientometric* OR informetric* OR webometric* OR altmetric* OR cybermetric* OR entitymetric*. The wildcard character "*" captures any relevant variations of a term such as bibliometrics and bibliometric analysis. A bibliographic record is considered as relevant if any of the terms appear in its title, abstract, or keywords. As of December 31, 2017, the query returned 8098 bibliographic records written in English between 1990 and 2017. The subscription of the authors' institutes covered from 1980s at the time of querying, but in many cases text fields were omitted. Thus, we excluded data before 1990. The brief statistics of the retrieved data set is described in Table 1 . Figure 3 renders the record distribution over time in our data collection. As illustrated, there has been exponentially increasing interest in scientometrics from the community. Table 2 describes the contributing terms to the data retrieval and corresponding number of records to each term. As shown, the literature has used "bibliometric*" the most frequently.
Investigating the intellectual structure in scientometrics
Scientometrics depicts the intellectual landscapes of a science with a variety of bibliographic units such as authors, keywords, texts, and citations and networks of those entities. The present chapter systematically mapped historical footprint and emerging technologies from published research in scientometrics. In particular, we investigated citation paths at a disciplinary level, co-occurrence of WoS categories and keywords, and networks of co-cited references. Network clustering and topic modeling were also used to find homogeneous sets of literature and coher- Scientometricstwo suites of software, namely CiteSpace [4] [5] [6] and VOSviewer [7] . The input is a collection of bibliographic records relevant to a topic of interest. Given the records, the toolkits detect and render thematic patterns and emerging trends in science as networked in a variety of bibliographic units. As argued by preceding papers [8, 9] , this chapter's approaches have several methodological merits over a conventional domain analysis. First, a much more inclusive range of topically relevant literature can be examined. Second, an inquiring individual does not need prior expertise to analyze a domain of interest. Finally, this kind of survey can be conducted as frequently as in need given the fast growth of a science. The underlying techniques and findings of the present chapter could be more clearly delivered as we introduce followings:
• Network reduction: In network analysis, investigating the entire nodes and edges between them is computationally challenging. It may not intuitively communicate the topological structure to the audience as well for it is visually overwhelming with many links. To handle this, we select up to 100 frequently occurring entities such as keywords and cited references within a one-year time slice.
• Clustering: Clustering is unsupervised learning which uncover latent groups of entities sharing homogeneous characteristics. We employ a network clustering technique called smart local moving [10] to capture thematically similar clusters on a document co-citation network.
• Burst detection: Proposed by [11] , burst detection models the burstiness of features which rise sharply in frequency. An entity has bursting activities when it intensively appears during a specific span of time. We can overcome the limitation coming from considering cumulative, snapshot metrics as impact measures.
• Cluster labeling: CiteSpace labels clusters with extracted terms from titles and abstracts of citing articles. There are three algorithms to serve cluster labeling: (1) latent semantic analysis (LSA), (2) log-likelihood ratio (LLR), and (3) mutual information (MI). LSA captures unknown semantic relationships over all the documents while LLR and MI reflect a unique aspect of a cluster [5] .
• Topic modeling: Topic modeling is unsupervised machine learning which aims to discover latent semantic structure occurring in a text body. We employ dynamic topic modeling (DTM) which is a generative technique extended from Latent Dirichlet Allocation (LDA).
DTM captures the evolution of latent topics in a collection of documents whereas it was oblivious to the preceding model [12] . Table 3 describes these trajectories in descending order of the third column, namely Z-score. The color of each row is corresponding to the path. Findings indicate that scientometrics has been largely driven by social sciences and medicine as represented by "psychology, education, health" and "medicine, medical, clinical" respectively at the first column. Literature from social sciences heavily cites from "psychology, education, social", "systems, computing, computer", "health, nursing, medicine", "economics, economic, political", and "molecular, biology, genetics", yielding five citation paths. Research frontiers from medicine are based on "health, nursing, medicine" and "molecular, biology, genetics", having two additional trajectories. These observations show scientometrics is multidisciplinary and partially interdisciplinary; Multidisciplinary since scientometrics research has been published in multiple disciplines; Partially interdisciplinary for literature published in "psychology, education, health" has a variety of intellectual bases while "medicine, medical, clinical" largely cites from neighboring domains. We considered WoS category assignment to literature as another important indicator representing domain-level thematic concentration. The top 20 frequently assigned WoS categories to the records are described in Table 4 . It shows the year it was first assigned, and the density of how many times per year a specific category has been given, from its first year. The table is sorted in ascending order of the year. Results show that three categories have been assigned more than 2000 times -"information science & library science" (n = 3880), "computer science" (n = 3260), and "computer science, interdisciplinary applications" (n = 2284). These categories were first assigned from the beginning in the data set, demonstrating the greatest densities.
Results

Domain-level research patterns
The most frequently assigned category to be added to the top four list is "computer science, information systems." This category also demonstrates a relatively high density (33.036), given its first year of assignment was 1990. This finding suggests that literature under these four categories has had the largest influence on the emergence and development of scientific knowledge in scientometrics. In turn, research with scientific foci in social sciences, engineering, medical & health sciences, and environmental sciences brought along a multidisciplinary grasp to the domain.
Trending keywords
Given by authors and indexers, keywords reflect representative concepts underlying published literature. The top 20 frequently occurring keywords in the data set are described in Table 5 . It shows the year it first appeared, and the density of how many times on average a specific keyword has appeared, from its first year. Findings indicate that in the beginning, "bibliometrics" and "scientometrics" focused on employing "citation analysis" to examine the "impact" of a "science". We assume that "journal" and "publication" were considered as units of analysis. Another effort focused on evaluating research "performance" and "productivity" and examining the "pattern" of scientific "collaboration." The other stream of research had interest in devising a "bibliometric indicator" such as journal "impact factor", which led to the recent development of the widely accepted author-level metric "h-index."
Scientometrics Figure 5 displays the keyword co-occurrence in the data set. We used a technique called a density visualization guided by VOSviewer. The font size of a keyword is proportional to its occurrence frequency. The more frequently a pair of keywords co-occurs, the closer the pair is located to the red spots. The visualization resulted in 484 keywords which occurred more than or equal to 18 times. As depicted, "bibliometrics" frequently co-occurred with "impact" which is consistent with the finding above. It also determined that devising an "impact factor" for "journal ranking" was among the important themes in scientometrics. Table 6 lists 20 keywords which have surged during a specific duration of time. The investigation of keyword bursts adds temporal contexts in understanding historic footprint and emerging technologies in scientometrics which were oblivious to the snapshot metrics. The keywords were sorted in ascending order of the beginning years of bursts. "physics" is one of the keywords with the longest bursts, ending in 2010. It also has the second strongest bursts when not including "science." It indicates applications of scientometrics to physics and/or knowledge transfer from physics to scientometrics had intensively been conducted from the early years. The widely accepted author-level metric, namely h-index, was also derived from physics. The second longest bursts from 1992 is led by "law", also demonstrating a relatively high value of bursts. It shows the identification of laws existing in scientometrics phenomena was among the important initiatives. "publication output" is the keyword with the third longest and strongest bursts. It is argued that the evaluation of research performance and productivity was one of the key themes in the domain. The strongest burst episode from 1992 is associated with "indicator." In consideration with other keywords such as "stationary distribution", "model", and "informetric distribution", we argue modeling an indicator of impact measure was of greatest interest in scientometrics.
Temporal topic models
We analyzed another text fields, namely titles and abstracts since more informational points of content can be examined than only exploring keywords. We aimed to uncover the evolution of latent topics in the records over time. Toward that end, we removed stop words from text, using a list of stop words in Python NLTK. The text was lowercased, tokenized, and deaccented. Then, we lemmatized the tokens and extracted noun phrases by bigram indexing. Text pre-processing and topic modeling were driven by gensim, a robust text mining toolkit in Python. Table 7 describes 20 topics and 10 corresponding terms per topic. The terms were sorted in descending order of the average probabilities over the 28 years. Results show that most of the terms having high probabilities are unigram-formed. Figure 6 illustrates the topical trends from 1990 till 2017 using a visualization technique called a bump chart. The topics are sorted in descending order of normalized probability distributions in the beginning year. We further discuss nine prominent topics, Topics 9, 17, 7, 4, 1, 5, 11, 16, and 0, due to their relatively high probability distributions. We categorized these topics into four trends: (1) rising, (2) rising-falling, (3) falling, and (4) static.
1.
Rising topics: Topics 9, 17, 7, and 1 are consistently rising. Topic 9 we labeled "applications of scientometrics to material sciences" has received the greatest attention over time. Topic 17 which has sharply increased is named "publication-based scholarly communication." Topics 7 and 1 have been always in the top topic list and recently received increasing attention. We labeled them "evaluation of funded research" and "applications of scientometrics to medical education" respectively. Findings indicate that applications of scientometrics to domains other than biomedical sciences are of increasing concerns in the scientific community.
2.
Rising-falling topics: Topics 4, 16, and 0 repeat rising and falling. Topic 4 can be named "literature-based research in healthcare." Topics 16 and 0 can be understood as "applications Scientometricsof scientometrics to biomedicine" and "literature-based research in medicine" respectively. Knowledge discovery in healthcare and biomedical sciences has been among the greatest interest in scientometrics. We assume that this stream of research has ups and downs based on the change of scientific foci.
3.
Falling topics: Topic 5 has fallen. We labeled it "history and philosophy of scientometrics." It is obvious that a study of theory and practice tends to be prominent in early years of a science. As staging into the maturation, this kind of topic naturally moves way from interest. It has also decreased in scientometrics.
4.
Static topics: Topic 11 has been statically distributed over time. Based on the extracted terms, Topic 11 is interpreted as "mapping intellectual structure using citation and network analysis." This is one of the canonical research themes in scientometrics receiving consistent attention from the beginning of the domain. Table 7 . 20 generated topics. 
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Document co-citation network
Previous section utilized titles and abstracts to investigate topical trends without any bound context. This section examined those fields in a context of document-level co-citation relationship. Figure 7 visualizes the document co-citation network in the data set. Each node is a cited reference extracted from the reference sections of the records and the size of the node is proportional to its cumulative frequency of received citations. Nodes with inner circles in Figure 7 . Document co-citation networks with truncated labels of first authors' names and published years (upward) and cluster labels (downward) (n = 1856, e = 6127).
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red represent articles with citation bursts. We labeled the most highly cited 20 articles in black following a truncated form of <LAST NAME> < ABBREVIATED FIRST NAME> (<YEAR>) so as to only display first authors' names and published years (see the upward in Figure 7 ).
They are cited more than or equal to 95 times locally, meaning in the data set. The color legend at the top of the display indicates links and citations in cooler colors happen more closely to 1990 whereas hotter ones occur in closer years to 2017. Based on the color scheme, we can keep track of the evolution of the document network. Findings show that most of the landmark articles were published relatively recently. Cumulative citations and citation bursts also intensively happened with these articles. Next, we conducted clustering and labeled the clusters in blue, using LLR (see the downward in Figure 7) . Clusters are numbered in such a way that higher rankings are given to the clusters containing more references. In order to add richer contexts in interpreting the clustering results, we generated another visualization called a timeline visualization (see Figure 8) .
In Figure 8 , we re-grouped all the nodes on multiple lines so that the cluster memberships can be more accessibly identified. As depicted in the figure, emerging trends can further be captured by examining Clusters 1, 6, 10, 16, 17, 18 given cluster sizes, recency, cumulative citations, and citation bursts. Table 8 summarizes these clusters in terms of cluster size, three types of labels, and mean year of citees, i.e. cluster age. Of the selected clusters, Cluster 1 is the largest and oldest. In consideration with Cluster 6, results show that impact measure is still among the important themes in scientometrics. The third largest and newest group of literature is Cluster 10. It indicates practical applications of social media analytics to scientometrics is receiving the most recent attention. Other emerging topics include international collaboration (Cluster 16) and applications to medicine (Cluster 17) and environmental sciences and policy (Cluster 18). 
Historic footprint and emerging technologies
The analysis of keywords, topic models, and document clusters identified the following thematic patterns in scientometrics research. In the beginning some researchers focused on employing citation analysis to measure the impact of a science. Another effort focused on the evaluation of performance and productivity of research, employing scientometrics approaches. The identification of patterns in scientific collaboration was also among the important themes. The other effort had interest in modeling scientometrics laws and propos- approaches to a variety of domains such as material sciences, medicine, and environmental sciences have received increasing attention. In reverse, practical applications of social media analytics to scientometrics is also receiving the most recent interest. Impact measure and science mapping are among the canonical research themes receiving consistent attention from the beginning of the domain.
Conclusion
The present chapter aimed to explore epistemological characteristics, historic areas of innovation, and emerging trends in scientometrics. We achieved this by investigating domain-level citation paths, WoS category assignment, keyword co-occurrence, temporal topic models, and document clusters. The findings indicate the domain of scientometrics is multidisciplinary and partially interdisciplinary. Social sciences and biomedicine have published to the field, but not yet cited from each other. We argue that the maturation of scientometrics as a scientific field is still ongoing. Next, early studies tried to measure a science's impact and performance and productivity of published research. Successive effort investigated laws and indicators in scientometrics and explored scientific collaboration. Recent literature is paying attention to topics such as applying scientometrics approaches to different domains and bringing social media analytics in scientometrics.
The approaches of the present study provide advantages in investigating intellectual structure of a science as follows. First, we tried to make our data collection inclusive by investigating closely neighboring domains. Conventional studies of domain analysis often cover only a fraction of published literature. Our method provides a systematic way to explore the broader coverage of a scientific discipline. Second, we investigated the domain from a multi-faceted point of view. Domain-level citation trajectories, subject category assignment, networks of subject categories and keywords, bursting keywords, topic models, and document co-citation networks were identified in this study. Sub-sections in Results triangulated each other, adding richer interpretations from macro units of analysis to micro ones. Finally, the analytical procedure and tools employed in the present work enabled us to explore time-aware research trends in the domain. In addition, one can conduct this kind of domain analysis of his or her concern as frequently as needed without prior knowledge or experience. Thus, the proposed approaches have a relatively higher reproducibility and lower cost for conducting studies at a larger scale, especially as in the era of mass publication.
There are several limitations in our work. First, the topic search we conducted on WoS may have missed relevant records. It is acknowledged that the vocabulary mismatch presents a challenge for keyword-based search. We may be able to overcome this drawback by employing citation indexing or iterative search query development as an alternative strategy in order to capture a much broader context. Second, WoS as our source of data may have underrepresented conference proceedings. It is also recognized as an issue for disciplines such as social sciences and arts and humanities [13] . At the time of data retrieval, the authors' institutes only subscribed to the core collection of WoS. Thus, it was inevitable not to miss some relevant records accordingly. Additional sources such as Scopus are recommended for future refinements of this type of analysis. In addition, some findings or sub-sections in Results may seem too general to characterize emerging technologies in scientometrics when considered independently from the entire context. We argue that that is not because of the limitation of our approaches and tools but due to the characteristics of bibliographic records. That means textual fields that can be used only include titles, abstracts, and keywords which are often abstract to be inclusive. To overcome this, we employed not only frequency-based metrics such as citation counts and latent semantic analysis but also burst detection and probabilityoriented techniques such as LLR, MI, and DTM. Then, we tried to triangulate the findings from each sub-section, adding richer interpretations as moving between different units of analysis. We argue that our approaches be more strengthened if we can have access to more informational sources such as full text. Finally, we selected 100 highly cited references to generate the intellectual landscapes. Although this data reduction is in part intuitive, we can strengthen our approach by choosing cited articles based on more refined indicators such as h-index or g-index. It may be worth conducting a separate study of the theoretical implications of using a variety of conceivable selection criteria. We also plan to apply the present chapter's approaches to much more comprehensive records that cover a various type of publication materials.
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